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Abstract 

Background: SMAD4 is a gastrointestinal malignancy-specific tumor suppressor gene found mutated in one third 
of colorectal cancer specimens and half of pancreatic tumors. SMAD4 inactivation by allelic deletion or intragenic 
mutation mainly occurs in the late stage of human pancreatic ductal adenocarcinoma (PDAC). Various studies have 
proposed potential SMAD4-mediated anti-tumor effects in human malignancy; however, the relevance of SMAD4 in 
the PDAC molecular phenotype has not yet been fully characterized. 

Methods: The AsPC-1, CFPAC-1 and PANC-1 human PDAC cell lines were used. The restoration or knockdown of 
SMAD4 expression in PDAC cells were confirmed by western blotting, luciferase reporter and immunofluorescence 
assays. In vitro cell proliferation, xenograft, wound healing, quantitative reverse transcriptase-polymerase chain 
reaction (qRT-PCR), Western blotting, and immunohistochemistry analysis were conducted using PDAC cells in 
which SMAD4 was either overexpressed or knocked down. 

Results: Here, we report that re-expression of SMAD4 in SI\/lAD4-null PDAC cells does not affect tumor cell growth 
in vitro or in vivo, but significantly enhances cells migration in vitro. SMAD4 restoration transcriptionally activates the 
TGF-|3l/Nestin pathway and induces expression of several transcriptional factors. In contrast, SMAD4 loss in PDAC 
leads to increased expression of E-cadherin, vascular endothelial growth factor (VEGF), epidermal growth factor 
receptor (EGFR) and CD133. Furthermore, SMAD4 loss causes alterations to multiple kinase pathways (particularly 
the phosphorylated ERK/p38/Akt pathways), and increases chemoresistance in vitro. Finally, PDAC cells with intact 
SMAD4 are more sensitive to TGF-pi inhibitor treatment to reduced cell migration; PDAC cells lacking SI\/1AD4 
showed decreased cell motility in response to EGFR inhibitor treatment. 

Conclusions: This study revealed the molecular basis for SMAD4-dependent differences in PDAC with the aim of 
identifying the subset of patients likely to respond to therapies targeting the TGF-P or EGFR signaling pathways and 
of identifying potential therapeutic interventions for PDAC patients with SI\/1AD4 defects. 
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Background 

Pancreatic cancer is one of the most insidious forms of 
human cancer whose incidence nearly equals its death 
rate. Histologically, ductal adenocarcinomas of the pan- 
creas (PDAC) account for > 90% of all exocrine pancreatic 
cancers. PDAC remains the eighth leading cause of cancer 
death worldwide, with the lowest 5-year survival rate of 
any gastrointestinal cancer. Several features conspire to 
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make PDAC a formidable clinical issue: poor early detec- 
tion, the advanced nature of most tumors at the time of 
diagnosis, and lack of specific or effective therapy. In con- 
trast to other major cancers, decades of clinical trials have 
failed to provide appreciable survival and less toxicity 
benefit for PDAC [1]. For example, FOLFIRINOX and 
nab-Paclitaxel for treatment of advanced pancreatic 
cancer have shown to be effective for overall survival, 
progression-free survival, and response rate, but was as- 
sociated with increased toxicity and serious side effects 
[2-4]. Indeed, this continual cycle of clinical trial for PDAC 
therapy followed by failure has led some to conclude that 
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there is insufficient knowledge of the mechanisms under- 
lying this particular type of lethal disease [5,6]. 

A number of studies of PDAC have elucidated a de- 
tailed profile of genetic alterations associated with PDAC 
initiation and progression — including the activation 
KRAS and loss of INK4A, p53, and SMAD4 — providing 
clues for investigation of the molecular and biochemical 
basis for this malignancy [7,8]. SMAD4 is recognized as 
an intracellular common mediator for the TGF-P super- 
family signaling pathways, including TGF-pi, activin, and 
BMP signaling, responsible for embryonic patterning, 
differentiation and a variety of homeostatic processes 
[9,10]. During the initiation phase of carcinogenesis, most 
malignant epithelial tumors develop resistance to TGF-|3/ 
SMAD-mediated growth inhibition. However, excessive 
levels of TGF-pi are associated with malignant tumor 
progression in many cancers, suggesting that inactivation 
of the SMAD proteins could be an important event in this 
process [11]. With respect to cellular growth control, the 
effects of TGF-p are highly dependent on the cell type and 
cell context, which exert alternating growth-promoting 
and growth-inhibitory effects in different cell types and at 
different stages of tumorigenesis. Several independent 
studies indicate that deletions or intragenic mutations of 
the SMAD4 gene are present in more than 50% of human 
PDACs, but are rare in other malignancies such as lung or 
breast cancer [12-16]. Hence, SMAD4 is a distinguishing 
molecular feature of two major types of PDAC. Although 
many lines of evidence indicate that SMAD4 status in 
PDAC is associated with specific histopathological 
phenotypes, the detailed molecular basis of SMAD4- 
dependent phenotypic changes in cancer biology has yet 
to be determined. 

Although many lines of evidence indicate that inacti- 
vation of SMAD4 in PDAC is generally restricted to 
high grade Pancreatic intraepithelial neoplasia (PanIN) 
and PDAC, implying a specific role for SMAD4 in ma- 
lignant progression, the specific anti-tumorigenic im- 
pact of SMAD4 loss has not been fully characterized 
[8,17]. Notably, studies of human cell lines have given 
inconsistent results of how SMAD4 status influences 
TGF-(3 responsiveness and of other tumor biological 
properties, leading to conflicting conclusions on the im- 
pact of SMAD4 defects on PDAC prognosis [18,19]. 
Overall, these studies suggest that TGF-|3/SMAD4 sig- 
naling may have pleiotropic and context-dependent 
roles during PDAC progression. These features add sig- 
nificant complexity to attempts to design therapeutic 
strategies to deregulate the SMAD4 pathway. In this 
study, we used SMAD4-proficient and -deficient human 
PDAC cell lines AsPC-1, CFPAC-1, and PANC-1 to 
compare the molecular profiles of SMAD4-positive and 
-negative PDAC cells; assess their relationship to SMAD4 
status; and further demonstrate the ability of SMAD4 to 



modulate cell proliferation, affect cell motility, regulate 
the epithelial-mesenchymal-transition (EMT) process, 
activate kinase pathways, change expression of cancer 
stem-like cell (CSC) markers and affect sensitivity to 
chemodrugs in PDAC. The objective of the present 
study was therefore to dissect the molecular circuits 
that contribute to the inactivation of SMAD4 in differ- 
ent phenotypes of PDAC. 

Methods 

Cell culture, RNA Isolation, and cDNA synthesis and 
inhibitors treatments 

The HEK293T and human PDAC cell lines were obtained 
from sources described previously [8,20]. Treatments 
with TGF-|31 (5 ng/ml), cisplatin, paciltaxol, gemcita- 
bine, SB231542 and gefitinib were performed according 
to previously-described procedures [20,21]. The RNA 
isolation and cDNA synthesis from the cell lines were 
also conducted according to previously-described proto- 
cols [20,22]. 

Plasmid and retroviral construction 

A full length cDNA clone for the SMAD4 gene was ori- 
ginally obtained from the Bert Vogelstein laboratory and 
subcloned in pBabe-puro plasmid (Addgene, Cambridge, 
MA) to create a pBabe-SMAD4-puro vector [21]. In 
brief, for SMAD4 gene restoration, pBabe-puro plasmid 
was digested with restriction enzyme BamHI and Hind 
III to obtain the full length of SMAD4 cDNA, then li- 
gated into BamHI/XhoI-digested pBabe-puro backbone 
vector. The insert fragment of SMAD4 cDNA was sub- 
cloned into the pBABE-puro backbone by using T4 
ligase (NEB) subjected to Klenow enzyme reaction and 
ligated. All plasmids were verified by DNA sequencing 
(Genome International Biomedical Co., Ltd., New Taipei 
City, Taiwan). 

Retroviral production and infection of target cells 

Retrovirus was generated by co-transfection of pBabe- 
puro empty vector or pBabe- puro-SMAD4 with pVSV-G 
(envelope) and pVSV-GP (packaging) plasmids in 293 T 
cells. Target cells were infected overnight with 4 ml of 
virus-containing medium in the presence of 10 |ig/ml 
polybrene. The following day, cells were cultured in fresh 
medium and allowed to grow for another 24 hrs. After this 
medium was replaced with fresh regular medium, cells 
were selected with 2 |ig/ml puromycin for 2 weeks. Posi- 
tive stable clones were then characterized and utilized in 
further assays. 

Lentivirus production and shRNA for gene knockdown 

All plasmids required for shRNA lentivirus production 
were purchased from the National RNAi Core Facility, 
Academia Sinica, Taipei, Taiwan. The pLKO.l-shRNA 
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vector used for knockdown of SMAD4 was TRCN 
000010323 (SMAD4), and the scrambled lentiviral con- 
trol vector was pLKO_TRC025. Lipofectamine 2000 re- 
agent (Invitrogen, Carlsbad, CA) was used for lentiviral 
production in 293 T cells with a packaging construct 
(pCMV-AR8.91), an envelope construct (pMD.G) and 
different shRNA constructs as previously described [20] . 

Western blotting 

Western blotting was performed as described previously 
[20,21]. The following antibodies were used in this study: 
anti-SMAD4 (sc-7154 or sc-7966), anti-E-cadherin (sc- 
8426), anti-vimentin (sc-7557), anti-CD133 (sc-8304), anti- 
CD44 (sc-18849), anti-Spl(sc-14027), anti-c-Jun (sc-1694), 
anti-Fos (sc-52), anti-Fast-1 (sc-377358), anti-Hesl (sc- 
25392), anti-GAPDH (sc-32233; Santa Cruz Biotechnology, 
Inc.), anti-p-Akt (#4060), anti-Akt (#4691), anti-p-p44/ 
42 (#9101),anti-p44/42 (#4695), anti-Pten (#9272), anti- 
NF-kB (#47648), anti- EGFR (#4267), anti-p-EGFR tyr 
992 (#2235), anti-p-EGFR tyr 1068 (#3777), anti-Smad2/ 
3 (#5339), anti-p-Smad2/3 (#3101), anti-p-c-Jun (#2361; 
Cell Signaling Technology, Inc.), anti-Nestin (N5413), 
mouse anti-P-actin (Sigma- Aldrich Co.), anti-CD133/l 
(AC133, Miltenyi Biotec.) and anti-TGF-pi (ab9758, 
Abeam, Pic). 

Quantitative reverse transcription polymerase Chain 
reaction (RT-qPCR) analysis 

Total RNA prepared from samples was used for cDNA 
synthesis. PCR amplification and results of the delta 
computed tomography (CT) measurements were de- 
scribed previously [20,22]. The primers sequence used in 
thi stsudy were as follows: GAPDH primer sequences: 
forward 5'-GAAGGTGAAGGTCGGAGTCA-3'. Reverse 
5'-AATGAAGGGGTCATTGAT GG-3'. SMAD4 primer 
pair: Forward 5'-CGCTTTTGTTTGGGTC AACT-3 '. Re- 
verse: 5'-CCCAAACATCACCTTCACCT-3. CD133 pri- 
mer pair: Forward 5 -CCCCAGGAAATTT GAGGAA 
C-3'. Reverse 5 - TC CAACAATCCATTCCCTGT-3'. E- 
cadherin primer pair: Forward 5'-ATTGCAAATTCCT 
GCCATTC-3'. Reverse 5 -CTCTTCTCCGCCTCCTTC 
TT-3 '. N-cadherin primer pair; Forward 5' -CCTTGTGCT 
GATGTTTGTGG-3'. Reverse 5'-TGGATGGGTCTTT 
CATCCAT-3'. vimentin primer pair: Forward 5'-GGGA 
GAAATTGC AGGAGGAG-3'. Reverse 5'-ATTCCACT 
TTGCGTTCAAGG-3'. CD44 primer pair: Forward 5'- 
AG ACACCATGCATGGTGCACC-3'. Reverse 5'-TAA 
CAGCATCAGGAGTG-3'. EGFR primer pair: Forward 
5'-TCAGCCACCCATATGTACCA-3'. Reverse: 5 -CAT 
TC TTTCATCCCCCTGAA-3'. VEGF primer pair: For- 
ward 5 -CCCACTGAGGAGTCC AACAT-3'. Reverse: 
5 -T GCATTCACATTTGTTGTGC-3'. The PCR reac- 
tions were repeated three times from three independent 
experiments. 



Transient transfections and luciferase reporter assays 

Transient transfections and SBE4 (four repeats of SMAD 
binding element), CD133 and Nestin luciferase reporter 
assays were performed as described previously [20]. 

Cell proliferation assay 

Cell proliferation assay was performed as previously de- 
scribed [20,22]. Briefly, 5X 10^ cells were seeded in 96- 
well plates, and incubated overnight. The cells were 
treated with or without drugs, and incubated for 1 to 
3 days. 5 mg/ml MTT (thiazolyl blue tetrazolium brom- 
ide) (Americo Chemical Co) 25 |il in 500 i^l medium was 
then added, and incubated for another 2 hours for reac- 
tion. The medium was removed, and crystal was com- 
pletely dissolved with 200 [il DMSO (Sigma). The OD570 
reading was then detected with a BioTek ELISA reader 
(Molecular Device, Sunnyvale, CA). 

In vitro cell migration/invasion assays 

For wound healing cell migration assay, cells were pre- 
treated with 0.02% (0.2 mg/mL) mitomycin C for 2 hours, 
and wounded by removing a 300-500 i^m-wide strip of 
cells across the well with a standard 200 |iL yellow tip. 
Wounded monolayers were washed twice with IxPBS to 
remove nonadherent cells. The cells were cultured in low 
FBS media and incubated for pre-determined times to 
monitor wound closing. Wound closure was recorded by 
phase-contrast microscopy according to previously pub- 
lished protocols [20,22]. For transweU migration assays, 
5 X 10* cells were plated in the top chamber with a non- 
coated filter membrane (6-well insert, pore size 8 |im; BD 
Biosciences, San Jose, CA) in low serum medium. The 
bottom medium was supplemented with 10% FBS. Cells 
were incubated for 24 hours. Cells that did not migrate 
through the pores were removed by cotton swab. Cells on 
the lower surface of the membrane were stained with crys- 
tal violet before photography. The crystal violet was dis- 
solved in 10% acetic acid and absorbance was measured 
by using the BioTek enzyme-linked immunosorbent assay 
(ELISA) reader OD570 (Level BioTek Instruments, Inc., 
Winooski, VT) for quantitative analysis [20] . 

Mice and injections 

To study in vivo tumorigenicity, pathogen-free female C. 
B17/lcr- SCID mice, eight weeks old, were purchased 
from BioLASCO Taiwan Co., Ltd. (Taipei, Taiwan). Tech- 
nology from Charles River Laboratories (Wilmington, 
MA, USA) was used for breeding in the animal center at 
the Department of Medical Research, Kaohsiung Medical 
University (KMU) Hospital. Mice were housed at the Ex- 
perimental Animal Center, KMU under specific pathogen- 
free (SPF) conditions under protocols approved by the 
KMU lACUC institutional guidelines for the care and use 
of experimental animals were followed. Mice were injected 
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subcutaneously in the left and right flank with 1 x 10*' cells 
in 0.1 ml of medium. After two months, tumor volumes, 
overall health and total body weights of the mice were 
assessed as previously described [20]. Each experimental 
group contained > 4 mice. 

Mouse surgery, necropsy, histopathology and 
immunohistochemistry 

Tissue samples were fixed in 10% buffered formalin for 
12 h, washed with PBS and transferred to 70% ethanol, 
embedded in paraffin, sectioned and stained with hema- 
toxylin and eosin (H&E). Immunohistochemical analysis 
of SMAD4, EGFR, E-cadherin, CD133 and Nestin were 
performed as described previously [8,20]. 

Statistical analysis 

Data are presented as mean ± standard error of the 
mean. The continuous data were statistically analyzed 
using Student's i-test and categorical data were subjected 
to Chi-square test. All statistical calculations were per- 
formed using SAS for Windows version 12.2 (SAS, Inc., 
Gary, NC). A p value of less than 0.05 was considered 
significant [20]. 

Results 

Generated stable SMAD4 over-expression and knockdown 
of human PDAC cells 

To gain insight into the functional role of SMAD4 loss 
in PDAC cells, we first selected two SMAD4-deficient 
PDAC cell lines (AsPC-1 and CFPAC-1) and SMAD4 
wild-type PANC-1 cells as the model cell lines in which 
to study the anti-tumor effects of SMAD4 in human 
PDAC. We generated the pBabe retrovirus construct 
expressing human SMAD4 to restore SMAD4 gene ex- 
pression in SMAD4-deficient PDAC cell lines. To verify 
the restoration of SMAD4 in SMAD4-null AsPC-1 and 
CFPAC-1 cells, we first performed RT-qPCR analysis to 
examine the SMAD4 mRNA expression levels in those 
stable SMAD4 reconstituted PDAC cells; our results 
showed that the SMAD4 mRNA levels increased about 
10-fold in comparison with puro control cells (data not 
shown). Western blotting analysis further confirmed 
the restoration of SMAD4 protein expression in the 
SMAD4-deficient PDAC cell lines AsPC-1, and CFPAC-1 
(Figure lA). 

Further, we determined that the intact TGF-|3 signal 
pathway was fully restored in AsPC-1 and CFPAC-1 stable 
SMAD4 reconstituted cells by using a SBE4 luciferase re- 
porter assay, and by detecting the levels of SMAD2 phos- 
phorylation after TGF-pi treatment in AsPC-1 cells after 
SMAD4 restoration (Figure IB and C). We also observed 
that TGF-pi treatment leads to nuclear translocation 
of SMAD4 in SMAD4-re-expressing AsPC-1 cells by 
immunofluorescence analysis (Figure ID). Meanwhile, 



we utilized a shRNA-mediated RNA interference ap- 
proach to knockdown the expression of SMAD4 in the 
PANC-1 cell line. Results of Western blots from the 
PANC-1 shSMAD4 cells showed a significant reduc- 
tion of SMAD4 protein levels compared to mock con- 
trol cells (Figure lA). We also confirmed the reduced 
TGF-|3l signaling by phospho-SMAD2 western blot 
analysis and SBE4-luciferase activity assay in PANC-1 
shSMAD4 cells when compared with control cells. 
(Figure IB and C). 

SIV1AD4 restoration does not affect their proliferation 
in vitro and in vivo, but increases PDAC cells migration 
in vitro 

Next, we explored the overall physiological effects of 
SMAD4 re-expression on PDAC cells in vitro. To deter- 
mined if SMAD4 restoration has an effect on cell pro- 
liferation in SMAD4-deficient PDAC cells in vitro, we 
performed MTT assays in AsPC-1 and CFPAC-1 SMAD4 
cells to determine the growth inhibitory effect, if any, of 
SMAD4. As shown in Figure 2A, our results indicated that 
SMAD4 restoration in AsPC-1 and CFPAC-1 cells did not 
significantly decrease the cell proliferation rate over that 
of the control cell lines following 3 days of normal cell 
culture condition. Thus, we concluded that SMAD4 res- 
toration in most PDAC-deficient cell lines has a minimal 
effect on cell proliferation in vitro. Similarly, SMAD4 
shRNA lentivirus-mediated stable knockdown for SMAD4 
expression does not significantly affect cell growfth in 
PANC-1 cells in vitro (Figure 2A). In addition, our in vivo 
study using subcutaneous xenografts in SCID mice re- 
vealed that SMAD4 re-expression in AsPC-1 cells or its 
knockdown in PANC-1 does not significantly affect tumor 
growth in vivo (Figure 2B). 

To further investigate the effect of SMAD4 expression 
on the migratory potential of AsPC-1, CFPAC-1 and 
PANC-1 cells in vitro, in vitro wound healing assays 
were employed in SMAD4-proficient and -deficient 
CFPAC-1 and AsPC-1 cells. Monolayers of cells were 
pretreated with mytomycin-C for 2 hrs before being 
scratched with a pipette tip, and then cultured in the 
regular culture condition containing 5% fetal bovine 
serum (FBS). After overnight incubation, our results in- 
dicated that SMAD4 restoration significantly enhanced 
the ability in vitro of CFPAC-1 and AsPC-1 cells to 
migrate as compared to control cells (Figure 2C). In 
addition, knockdown of SMAD4 by shRNA significantly 
decreased the in vitro migratory potential of PANC-1 
cells (P < 0.05; Figure 2C). Further, our results with in - 
vitro invasion assay using a transwell chemotaxis inva- 
sion approach in AsPC-1 and PANC-1 cells also showed 
that SMAD4 enhanced the invasive ability of PDAC 
cells in vitro (P < 0.05; Figure 2D and Additional file 1: 
Figure SI). 
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Figure 1 Generated stable SMAD4 rerexpressing or knockdown of SI\/IAD4 in human PDAC cells. (A) Western blot analysis indicated that 
SIV1AD4 was successfully restored or knocked down in human PDAC cells as compared to control cells, p-actin was used as an internal control. 
(B) AsPC-1 , CFPAC-1 and PANC-1 SMAD4 proficient and deficient cells were transiently transfected with SBE4 luciferase reporter and Renilla luciferase 
constructs. Cells were treated under the indicated conditions for 24 hours. Luciferase reporter assays were conducted using a dual luciferase 
assay, and Renilla luciferase activity was used as an internal control. Mean 4- SE (n = 3) *P <0.01. (C) Western blot detection of total and phosphorylated 
SMAD2 in SMAD4 proficient or deficient AsPC-1 and PANC-1 cells with or without TGF-p (10 ng/\i\). Result confirmed TGF-p increased phosphor/lation 
of SMAD2 in the SMAD4 restoration cell lines, p-actin was used as an internal control. (D) Immuno- fluorescence analysis confirmed that SMAD4 
expression in AsPC-1 SMAD4 cells and mock control cells, and the nuclear localization of SIV1AD4 was observed in response to TGFpi treatment 
(magnification xlOO). 



SMAD4 modulates EMT and regulates CSC-associated 
gene expression 

We and others have shown that SMAD4 is involved in 
regulating E-cadherin expression in PDAC [8]. One recent 
study also suggested that SMAD4 is required for TGF-|3- 
induced EMT to mediate bone metastasis of breast cancer 
cells [23]. Thus, to further confirm that SMAD4 re- 
expression was involved in alterations of the EMT pheno- 
type marker in PDAC, we performed RT-qPCR and 
Western blot analysis to evaluate the mRNA and protein 
levels of EMT-related markers in SMAD4-proficient 
and -deficient PDAC cells. As shown in Figure 3A, we 
observed up-regulation of smooth muscle actin and 
vimentin in the mRNA as well as protein levels and sig- 
nificantly lower levels of E-cadherin in SMAD4-proficient 



PDAC cells. Meanwhile, pancreatic CSC markers such as 
CD44, Nestin and CD133 have been shown to play im- 
portant roles in maintaining PDAC progression. To assess 
whether SMAD4 re-expression induces alterations in the 
expression of these CSC markers in PDAC, we further 
determined the mRNA and protein expression levels of 
CD44, CD 133 and Nestin on SMAD4-deficient and 
-proficient PDAC cells by RT-qPCR and Western blot 
analysis. Our Western blot analysis showed that SMAD4- 
proficient cells express more Nestin and CD44 proteins 
than SMAD4-deficient cells (Figure 3B). In contrast, the 
level of CD133 protein expression was reduced in the 
SMAD4-proficient cells compared to SMAD4- deficient 
cells (Figure 3B). Additional IHC analysis confirmed a sig- 
nificant increase of E-cadherin, EGFR and CD133 signals 
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Figure 2 SMAD4 does not significantly affect PDAC cell viability or proliferation, but increase PDAC cell motility in vitro. (A) SMAD4 
does not significantly affect growth of PDAC cells in vitro. Cells were seeded (5X10^ cells per well) in 96-well plates and cell proliferation rates 
were determined by MTF assay at indicated time points. (B) SMAD4 does not affect PDAC tumor growth in SCID mice. Xenograft tumors were 
established using SMAD4 proficient or deficient AsPC-1 and PANC-1 cells implanted by s.c injection (1x10^ cells) and analyzed after 8 weeks. 
Tumor weights were measured at autopsy. Mean + SE (n = 5). (C) Wound healing assays indicated that SMAD4 restoration reduces PDAC cells 
migration in vitro. The closure rates of cell free gap were recorded by phase contrast microscope after overnight incubation. Similar results were 
reproduced in three independent experiments, (magnification x40). (D) SMAD4 promotes the invasive ability of PDAC cells in vitro. Invaded cells 
were fixed and stained with crystal violet, and quantitative results were normalized against vector controls. Mean + SEM (n > 3). *p < 0.05. 



and reduced expression of Nestin protein in xenograft 
tumor samples belonging to PANC-1 shSMAD4 tumors 
as compared with the control group (Additional file 2: 
Figure S2). Meanwhile, luciferase reporter assays also con- 
firmed transcriptional regulation of the CD133 and Nestin 
genes by SMAD4 in PDAC cells (Figure 3C(a and b)). 

Re-expression of SIV\AD4 reduces EGFR and VEGF 
expression and repression phosphorylation In the Akt 
and ERK signaling pathways, but enhances the p38 MAP 
kinase pathway 

SMAD4 has been shown to influence EGFR and VEGF 
expression in human normal pancreatic ductal cells 
(HPDEC) and Hs766T human pancreatic cancer cells 
[24,25]. To confirm these finding, cell lysates were col- 
lected from stably-SMAD4-expressing PDAC cells and 
control groups to examine the levels of VEGF and EGFR 
protein expression as well as phosphorylated EGFR by 
Western blot analysis. Western blot analysis revealed 



similar results in our PDAC cells to those of the previ- 
ous studies. As shown in Figures 3B & 4A, our Western 
blot analysis revealed that SMAD4 re-expression results 
in a decreased VEGF and EGFR protein levels. In addition, 
the reduced levels of EGFR leads to decreased EGFR 
phosphorylation levels at Y992 and T1068, and decreased 
phosphorylation of EGFR also elicits reduction of several 
downstream kinase pathways. The involvement of the ERK 
(p44/42) and Akt pathways in EGFR-dependent phosphor- 
ylation cascades is well recognized. Activation of the non- 
SMAD Akt and MARK pathways, particularly p38 and 
p44/42 ERK, has been implicated in TGF-pi signaling. To 
further determine the potential relationship of these kinase 
pathways to SMAD4 loss in PDAC cells, the levels of 
p-Akt, p-p44/42 and p-p38 were examined by Western 
blot analysis in SMAD4-reconstituted and vector-control 
PDAC cells. Western blot analysis revealed that the phos- 
phorylation levels of p44/42 and Akt were both reduced in 
AsPC-1 and CFPAC-1 SMAD4-reconstituted cells, but 
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Figure 3 SMAD4 reduces E-cadherin, VEGF, EGFR and CD133 expression, but increases TGFpVNestin and CD44 protein levels in PDAC. 

(A) SMAD4 modulates mRNA levels of EMT and CSC markers in PDAC cells. RT qPCR analyses were performed in AsPC-1 and PANC-1 SMAD4 
deficient or proficient cells. Compared to the control, restoration of SMAD4 reduces mRNA level of EGFR, VEGF, CD133 and E-cadherin, but 
increased Vimentin, SMA, Nestin and CD44 mRNA expression in PDAC. Data were means ± SD of triplicates. *P < 0.05 (B) Western blot analysis of 
three PDAC cell lines, which had overexpression or knockdown for SMAD4 revealed that the expression levels of CD133, Nestin, EGFR, VEGF and 
EMT markers in indicated cell lines, p-actin was included as a loading control. (C) Luiferase activity assays for the analysis of GDI 33 and Nestin 
transcriptional activities in PDAC cells. Reproter assays were performed using CD133-luc (a) and Nestin-luc(faJ reporter constructs in AsPC-1, 
CFPAC-1 and PANC-1 Smad4 proficient and deficient cells. Bars represent means derived from at least 3 independent experiments. *P<0.01. 



phosphatase and tensin homolog (PTEN) protein ex- 
pression was not increased in SMAD4 transfected cells 
compared to cells with the control vectors (Figure 4A), 
implying that SMAD4 loss not only increased the protein 
and phosphorylation levels of EGFR, but also activated the 
EGFR downstream signaling. We also observed that the 
re-expression of SMAD4 increased the phosphorylated 
and total levels of protein in the p38 MAP kinase pathway 
by Western blot analysis (Figure 4A). To confirm these 
findings, we used the shRNA strategy to compare PANC- 
1 cells with control shRNA; similar results were obtained 
(Figure 4A). These findings strongly suggest that re- 
expression of SMAD4 attenuates the Akt and Erk (p44/ 
42) pathways and promotes p38 kinase activation in 
PDAC. Notably, in our Western blots to detect SMAD4- 
signaling-mediated effects on the expression of major 



transcriptional factors, we observed that SMAD4 elevated 
the expression of the transcriptional factors c-Jun, c-fos, 
Fast-1, Hes-1 and NF-kB but inhibited the expression of 
the transcriptional factors Sp-1 in PDAC cells (Figure 4B). 

SMAD4 defect confers chemoresistance and leads to 
augmented EGFR-mediated cancer cell motility in PDAC 

Since somatic inactivation of SMAD4 occurs primarily 
at later stages of pancreatic malignancy, and SMAD4 
inactivation was reported to serve as a worse prognos- 
tic factor in PDAC patients who received adjuvant 
radiotherapy and chemotherapy, we next investigated 
whether restoration of SMAD4 function in PDAC cells 
was associated with decreased chemoresistance and 
survival in vitro [26,27]. In this experiment, SMAD4- 
proficient and -deficient PDAC cells were treated with 
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Figure 4 SMAD4 modulates multiple kinase pathways and influences transcriptional factors expression. (A) Restoration of SMAD4 results 
in a marked increase of p38 MARK activation, but significantly attenuated the phosphorylation (activation) of EGFR and its downstream signals 
p44/42 (MEK) and Akt pathways in RDAC cells. (B) SMAD4 affects the expression transcriptional factors in RDAC cells. Total protein extracted from 
indicated cells were lysed for Western blot analysis. Western blots were then performed with the indicated antibodies. |3-actin was served as an 
internal control. 



three different kinds of chemotherapy drugs: cisplatin 
(Cis; 5 |iM), gemcitabine, (Gem; 2 |iM) and paditaxol 
(Pac; 1 |iM). Cells were seeded into 96- well plates in 
triplicate, treated with one of the chemotherapy drugs 
for 3 days, then analyzed by MTT assay, a commonly-used 
assay to measure cell viability after different chemotherapy 
drug treatments. Cell survival rates were measured to 
compare the SMAD4-positive and -negative groups in 
responding to different chemotherapy agents, and our 
in vitro data showed that the inactivation of SMAD4 may 
contribute to an increase in chemo-sensitivity in PDAC to 
different chemotherapy drugs (Figure 5 and Additional 
file 3: Figure S3). 

In addition, many studies indicate that the TGF-|3l and 
EGFR signaling pathways are frequently activated during 
pancreatic carcinogenesis, and they have been shown to 
be crucial in promoting tumor cell migration and invasion 
[28,29]. We therefore investigated the relationship be- 
tween SMAD4 status and cell migration in PDAC induced 
by the TGF-pl and EGFR pathways. To investigate 
the specific effect of these two inhibitors on PDAC cellular 
migration independent of their proapoptotic effects 
in vitro, we first tested the IC50 values of each compound 
and applied a dose 5-fold below the IC50 value in order to 
eliminate any cytotoxic effect on proliferation and observe 



the drug's anti-migration function in vitro (Additional 
file 4: Figure S4). We investigated whether inactivation of 
TGF-pi by SB inhibitor 431542 suppresses the motility of 
SMAD4-positive or -negative PDAC cells in vitro. As 
shown in Figure 6, treatment of SMAD4-re-expressing 
AsPC-1 cells with 0.5 ^iM SB431542 caused a dramatic re- 
duction in migration, but had no effect on these processes 
in SMAD4-null AsPC-1 control cells. Further, to evaluate 
whether inhibition of EGFR signaling can inhibit PDAC 
cell migration in vitro, wound healing assays were applied 
to SMAD4-positive and -negative PDAC cells after admin- 
istration of 0.5 i^M gefitinib, an EGFR tyrosine kinase in- 
hibitor. The results showed that gefitinib treatment did 
not reduce cell migration of SMAD4-positive PDAC 
cells. In contrast, SMAD4-negative PDAC cells with 
high levels of EGFR expression exhibited significantly 
reduced cell motility when also exposed to gefitinib (P 
< 0.05; Figure 6 and Additional file 5: Figure S5). The 
same results were obtained by treating SB 431542 and 
gefitinib in PANC-1 shSMAD4 and pLKO.l control 
cells (Figure 6). Our results imply that the efficacy of ge- 
fitinib treatment of PDAC cells is likely dependent on 
the cells' EGFR activation status and, in particular, the 
loss of SMAD4. Notably, wound healing assays revealed 
the comparable and statistically significant (p < 0.05) 
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Figure 5 SMAD4 loss contributes to chemoresistance of PDAC cells. AsPC-1, CFPAC-1 and PANC-1, SMAD4 deficient and proficient cells were 
treated with different concentration of cisplatin (Cis; 5 pM), paciltaxol (Pac; 1 ^iM) and gemcitabine, (Gem; 2 |jM) for 3 days. Chemosensitivity 
testing of PDAC cells using the MTT colorimetric assay. The data indicates SMAD4 increases drug sensitivity to three different chemo drugs in 
PDAC cells. Data were means ±SD of triplicates. *P < 0.01. 



ability of TGF-p and EGFR inhibitors to impede cell 
migration in our cell culture assays (Additional file 5: 
Figure S5). 

Discussion 

SMAD4, also known as deleted in pancreatic carcinoma, 
locus 4 (DPC4), was first identified on the basis of frequent 
homozygous deletions and mutations affecting 18q21.1 in 
the pancreatic tumor, and was found to be involved in the 
TGF'Pl signaling pathway [11,30]. Germline mutations in 
SMAD4/DPC4 have also been identified in certain types of 
juvenile polyposis [31,32]. Hahn and colleagues reported 
that about 90 percent of pancreatic carcinomas show allelic 
loss at chromosome 18q21.1, and further studies have con- 
firmed that the SMAD4/DPC4 gene, localized to 18q21, 
was the target for 50% of the PDAC that exhibited ISq de- 
letion [12]. During carcinogenesis, TGF-pi may act in an 
autocrine and/or paracrine fashion to exert a biphasic ef- 
fect on cancer progression. Early in tumor formation, 



TGF-pi functions to suppress cell cycle progression and 
block tumor growth. In contrast, cancer cells later adapt to 
develop a resistance to TGF-(31-mediated growth inhib- 
ition by increasing expression of TGF-pi antagonist, mu- 
tating the TGF-pl receptor or inactivating the SMAD4 
gene. Subsequently, TGF-pi ceases to function in tumor 
suppression and switches to the converse role of enhancing 
tumor metastasis by promoting tumor cells' epithelial- 
mesenchymal transition (EMT) or inducing the angiogenic 
phenotype [33,34]. TGF-pi is known to transduce sig- 
naling cascades through SMAD-dependent, as well as 
SMAD-independent, non-canonical pathways. A num- 
ber of studies have reported that TGF-|3l can activate 
non-canonical SMAD-independent pathways through 
Ras/Erk (p44/42), PI3K/Akt, JNK or TAKl/p38 kinase 
[35,36]. However, the overall effect of Erk, Akt or p38 
MAPK activation by TGF-P and the biological conse- 
quences are poorly characterized. Upon SMAD4 inactiva- 
tion or deletion, TGF-pi may preferentially signal through 
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Figure 6 SMAD4 proficient PDAC cells were more likely to respond to TGF-(31 inhibitor treatment, but SMAD4 deficient PDAC cells 
were more sensitive towards EGFR inhibitor treatment to blocl< cell migration in vitro. AsPC-1 and PANC-1 SMAD4 deficient and proficient 
cells were treated with TGF-pi inhibitor SB231S42 (0.5 (iM) or EGFR inhibitor gefitinib (0.5 pM) and subjected to in vitro wound-healing assay. 
Each monolayer was scratched and incubated for overnight The closure rate was photographed to compare their migratory ability between 
SMAD4 deficient and proficient PDAC cells with or without TGF-pi or EGFR inhibitors treatment Images are representative of three independent 
experiments (magnification 40x). P < 0.05. 



a SMAD-independent pathway, instead of the canonical 
SMAD-dependent pathway, leading to the phenotypic 
changes seen in tumor cells. 

The study reported by Dai et al. [37] revealed that he 
antitumor activity of SMAD4 induces Gl arrest and apop- 
tosis through the nuclear translocation of SMAD4 in 
MDAMB468 breast cancer cells, revealing the anti-tumor 



proliferation mediation of SMAD4-dependent signaling. 
Although most attention has focused on the cell cycle 
arrest mediated by TGF-pl/SMAD4 signaling, the other 
tumor suppressive effects of SMAD4 in preventing late 
stage tumor progression are still not fully understood. 
Until recendy, our group and others have found SMAD4 
involved in suppression of metastasis, angiogenesis and 
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chemo-resistance in many different types of cancers 
[21,38]. For example, Schwarte- Waldhoff and his col- 
leagues reported that the restoration of SMAD4 in 
SW480 colon cells reduced expression levels of the en- 
dogenous urokinase-type plasminogen activator and 
plasminogen-activator-inhibitor-1 (PAI-1) genes, involved 
in the degradation of extracellular matrix proteins and the 
control of tumor cell migration and invasion [39] . In 2000, 
they further demonstrated that SMAD4 re-expression in 
the human PDAC cell line Hs766T suppresses angiogen- 
esis through down-regulation of VEGF and up-regulation 
of throbospondin-1 (TSP-1), a potent endogenous angio- 
genesis inhibitor [25]. Recently, our research group also 
reported that SMAD4 suppresses the development of ma- 
lignant phenotypes of human colorectal cancer through 
interacting with HIFla to suppress VEGF and MMP ex- 
pression under hypoxic conditions [21]. Although these 
studies provide promising evidence of the role of SMAD4 
as a tumor suppressor gene, our mechanistic understand- 
ing of SMAD4 is still in its infancy. 

In the present study, using human PDAC cell lines, 
we first examined the overall effects of the restoration 
and knockdown SMAD4 expression in human PDAC 
cells. Specifically, we found that all PDAC cells exhibit 
increased cell migration in vitro after SMAD4 re- 
expression, although PDAC cell growth was not signifi- 
cantly affected after SMAD4 reconstitution. In addition, 
we observed that SMAD4 deficiency in human PDAC 
cells induces E-cadherin expression and such cells ex- 
hibit epithelial morphology, a result consistent with our 
previous report with SMAD4-conditional knockout mice 
demonstrating that genetically engineered mouse (GEM) 



models of Pdx Kras Smad4^'^ Ink/Arf^'"^ mice develop 
more well-differentiated lesions with glandular structures 
of PDAC tumors than SMAD4 wild type Pdx Kras Inl</ 
Arf^'^ mice [8]. Here, we also demonstrated an increase in 
the noncanonical or non-SMAD TGF-(3 pathways, includ- 
ing the MEK/ERK and PBK/Akt signaling pathways, 
in SMAD4-negative PDAC cells compared to SMAD4- 
positive PDAC cells. Intriguingly, we also observed the 
down-regulated PTEN gene expression in SMAD4- 
deficient PDAC cells, an effect which may be partly due to 
the mediation of the inhibitory effects of NF-kB activation 
[40]. Previous studies have shown that TGF-|3-activated 
kinase 1 (TAKl) is implicated in p38 MAPK activation 
in response to TGF-pi in several cell systems [41]. In 
addition, TGF-p-induced EMT was blocked by inhibit- 
ing the activation of p38 MAPK in mouse mammary 
epithelial cells, and p38 MAPK inhibitors blocked TGF- 
|3l-stimulated migration of non-tumor and tumor cells, 
which suggest that p38 MAPK may act in parallel or in 
cooperation with a SMAD-dependent pathway in chemo- 
tactic responses to TGF-pi [42,43]. In this study, we also 
observed an increased activation of the p38 MAPK path- 
way in the presence of SMAD4 in PDAC. In addition, our 
result revealed that restoration of SMAD4 induces the in- 
creased activation of p38 MAPK signaling, which may in 
turn enhance the expression of c-Jun, c-fos or Fast-1 tran- 
scriptional factors in PDAC [44,45] . 

Most importantly, our present study provides the first ex- 
perimental evidence that inactivation of SMAD4 enhances 
EGFR and CD133 expression, whereas re-expression of 
SMAD4 suppresses EGFR and CD133 levels in PDAC cells. 
These results are consistent with a previous report using 
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Figure 7 A Model of phenotypic alteration involving SMAD4 loss in PDAC cells. SMAD4 wild type PDAC cells exhibits more fibroblast-like 
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HPDEC cells in which the knockdown of SMAD4 ex- 
pression was found to increase EGFR expression [24]. 
Meanwhile, the down-regulation of EGFR expression in 
SMAD4-proficient cells may result from the reduced 
expression of the transcriptional factor Sp-1 (Figure 7). 
Recently, the CD133 molecule has been linked to tumor 
malignancy and invasiveness, and overexpression of 
EGFR and its ligands significantly contributes to the ma- 
lignant phenotype and correlates with decreased survival 
in pancreatic cancer patients [46-49]. Further insight is 
needed to evaluate the relationship between the expres- 
sion levels of EGFR and the presence of CD133 in PDAC, 
and the association between EGFR and CD133 may repre- 
sent an important mechanism in the control of SMAD4- 
inactivated PDAC cell proliferation and malignancy. Our 
data further indicated increased Nestin expression upon 
SMAD4 reconstitution in PDAC, a result which may be 
related to the restoration of the TGF-|3l/SMAD signaling 
pathway in PDAC cells. Nestin was first identified as an 
important neuronal stem cell marker during central ner- 
vous system development [50,51]. The long carboxy- 
terminal portion of Nestin has been reported to serve as 
the link or cross-bridge between intermediate filaments 
and microtubule, helping to mediate cell migration. Re- 
cently, Matsuda and colleagues illustrated the importance 
of Nestin in pancreatic cancer cell migration, invasion and 
metastasis by selectively modulating the expression of 
actin and other cell adhesion molecules [52]. They pro- 
posed that Nestin expression is crucial for colonizing 
distant sites in metastasis and thus may be a marker of 
metastasis-initiated "cancer stem cells". How SMAD4 
regulates Nestin expression in PDAC is not yet clear. 
The Nestin promoter does harbor several potential 
SMAD-binding sites, two SBE-related sequence 5'- 
CAGACA-3'-box at position -2067 and -566. Thus, it 
could exert control via transcriptional regulation. More 
recently, we proposed that increased Nestin expression 
could provide a positive feedback loop to induce TGF- 
pi/SMAD signaling by increasing the expression of 
TGF-pi and T^Rla and T|3R2 receptors [20]. Nestin is 
also involved in regulating the Wnt effector; the CD44 
gene, a known putative cancer stem cell marker involved 
in mediating tumor cell metastasis [53]. Thus, this study 
provides the first evidence linking SMAD4 status and the 
expression patterns of CSC markers of PDAC. 

We also demonstrated that reconstitution of SMAD4 
in PDAC cells resulted in an increase in apoptotic death 
after treatment with cisplatin, gemcitabine, or paclitaxel 
when compared with SMAD4-deficient PDAC cells. This 
result is in agreement with our previously published 
work in the colorectal cancer model, which found that 
SMAD4 loss increased resistance to the chemotherapeu- 
tic agent 5 ' -fluorouracil [21]. Many more recent studies 
have shown that TGppi and EGFR inhibitors are 



promising for the treatment of pancreatic cancer 
[54-56]. Like many chemotherapeutic agents, the effect- 
iveness of EGFR inhibitors have been approved by Food 
and Drug Administration for use in several tumor cases, 
alone and in combination with gemcitabine for pancre- 
atic cancer [57,58]. In the present study, we concluded 
that treatment of SMAD4-proficient PDAC cells with 
TGF-(3l inhibitor resulted in a profound reduction in 
cell migration in vitro. In contrast, treatment with EGFR 
inhibitor remarkably inhibited cell migration in SMAD4- 
deficient PDAC cells, implying that the SMAD4 defect 
results in a gain to the EGFR signaling pathway during 
PDAC development. 

Conclusions 

The present study revealed the molecular basis for 
SMAD4-dependent and -independent differences in 
PDAC tumor biology with the aim of identifying the 
subset of patients likely to respond to therapies target- 
ing the TGF-P or EGFR signaling pathways (Figure 7) 
The use of model system illustrated here may help to 
identify additional nodes of therapeutic intervention in 
PDAC patients devoid of SMAD4. 

Additional files 



Additional file 1: Figure SI. SMAD4 enhances migration and 
invasiveness of AsPC-1 and PANC-1 cells in vitro. Representative images 
of the invaded cells are represented. Invading cells on the lovi/er surface 
that passed through the filter were fixed and stained using crystal violet 
in gluteraldehyde and photographed. Scale bar, 50 pm. 

Additional file 2: Figure S2. Immunohistochemistry (IHC) analysis 
evaluates E-cadherin, EGFR, CD133, Nestin and SMAD4 expression levels 
in PANC-1 shSMAD4 and control xenograft tumors. Tumor sections were 
analyzed by H&E and IHC using anti-5MAD4, anti-Ecadherin, anti-CD133, 
anti-Nestin and anti-EGER antibodies as described in Material and 
methods section. Tissues were stained with 3,3'- diaminobenzidine 
(brown) and counterstained with hematoxylin (blue). Scale bar, 50 pm. 

Additional file 3: Figure S3. Morphological characterization under 
phase contrast microscopy of cell death in SMAD4 proficient and 
deficient AsPC-1 and PANC-1 cells after different chemo drugs treatment. 
Bright field microscopy images are representative fields of the eel 
morphology of SMAD4 proficient or deficient cells were incubated in 
medium in the presence of DMSO, cisplatin (Cis), paclitaxel (Pac) or 
gemcitabine (Gem) treatment for 2 days. Scale bar, 50 pm. 

Additional file 4: Figure S4. Dose response of SMAD4 positive and 
negative PDAC cells to SB431542 and gefitinib. The cells were treated 
with various doses of SB431542 or gefitinib for 24 hours, and the eel 
viability was measured by a MTT assay. Data represent the mean values 
± standard error of three independent experiments. 

Additional file 5: Figure S5. Quantitation of cell migratory ability in 
SMAD4 proficient and deficient AsPC-1 and PANC-1 cells after different 
inhibitor treatments. Wounded area per field was individually assessed 
and averaged per well. To determine scale, a picture was taken of a 
micrometer, and two to three fields on each filter were scored for cell 
migration under an inverted microscope. Calibration was performed with 
the analysis tool in Image J. Data represent relative cell migration ability 
normalized to vector control cells treated with DMSO (mean ± SD, n = 3; 
combined data from two independent experiments each performed in 
triplicate). Significantly different (*P<0.05) compared with different 
conditions. 



Chen ef al. BMC Cancer 2014, 14:181 
http://www.biomedcentral.com/1471-2407/14/181 



Page 13 of 14 



Competing interests 

No potential conflicts of interest were disclosed. 
Authors' contributions 

WYC AB and ES; PJH ES; CCW JY; KKK EG; TLK JY; DCW FG; WCH FG and KHC 
EG. All authors read and approve the final manuscript. 

Acl<nowledgements 

This study was supported in part by the following grants: NSC 101-2314-B- 
1 10-001 -MY2 and 1 01 -2628-B-ll 0-001 -MY2 from the National Science Coun- 
cil, Taiwan ROC (to K.H. Cheng), a grant from National Sun Yat-Sen 
University- Kaohsiung Medical University loint Research Center (to K.H. 
Cheng and D.C. Wu). 

Author details 

'institute of Biomedical Sciences, National Sun Yat-Sen University, Kaohsiung 
80424, Taiwan. ^Division of Endocrinology and Metabolism, Kaohsiung 
Medical University Hospital, Kaohsiung, Taiwan. ^Division of Hepatobiliary 
Pancreatic Surgery, Department of Surgery, Kaohsiung Medical University, 
Kaohsiung, Taiwan. ''Division of Internal Medicine, Kaohsiung Municipal 
Hsiao-Kang Hospital, Kaohsiung Medical University, Kaohsiung, Taiwan. 
^Division of Gastroenterology, Department of Internal Medicine, Kaohsiung 
Medical University Hospital, Kaohsiung, Taiwan. ^National Institute of Cancer 
Research, National Health Research Institutes, Tainan 704, Taiwan. 

Received: 14 September 2013 Accepted: 28 February 2014 
Published: 14 March 2014 

References 

1. Stathis A, Moore MJ: Advanced pancreatic carcinoma: current treatment 
and future challenges. Nat Rev Clin Oncol 2010, 7(3):163-1 72. 

2. Conroy T, Desseigne E, Ychou M, Bouche 0, Guimbaud R, Becouarn Y, 
Adenis A, Raoul JL, Gourgou-Bourgade S, de la Eouchardiere C, Bennouna J, 
Bachet JB, Khemissa-Akouz E, Pere-Verge D, Delbaldo C, Assenat E, Chauffert 
B, Michel P, Montoto-Grillot C, Ducreux M, Groupe Tumeurs Digestives of 
Unicancer; PRODIGE Intergroup: FOLFIRINOX versus gemcitabine for 
metastatic pancreatic cancer. N Engl J Med 201], 364(1 9):1 81 7-1 825. 

3. Von Hoff DD, Ramanathan RK, Borad Ml, Laheru DA, Smith IS, Wood TE, 
Korn RL, Desai N, Trieu V, Iglesias 11, Zhang H, Soon-Shiong P, Shi T, 
Rajeshkumar NV, Maitra A, Hidalgo M: Gemcitabine plus nab-paclitaxel is 
an active regimen in patients with advanced pancreatic cancer: a phase 
l/ll trial. J Clin Oncol 2011, 29(34):4548-54. 

4. Von Hoff DD, Ervin T, Arena EP, Chiorean EG, Infante 1, Moore M, Seay T, 
Tjulandin SA, Ma WW, Saleh MN, Harris M, Reni M, Dowden S, Laheru D, Bahary 
N, Ramanathan RK, Tabernero J, Hidalgo M, Goldstein D, Van Cutsem E, Wei X, 
Iglesias J, Renschler ME: Increased sun/ival in pancreatic cancer with 
nab-paclitaxel plus gemcitabine. N Engl J Med 201 3, 369(1 8):1 691 -1 703. 

5. Hruban RH, lacobuzio-Donahue C, Wllentz RE, Goggins M, Kern SE 
Molecular pathology of pancreatic cancer. Cancer J 200) , 7(4):25 1-258. 

6. Bardeesy N, DePinho RA: Pancreatic cancer biology and genetics. Nat Rev 
Cancer 2002, 2(12):897-909. 

7. Hezel AE, Kimmelman AC, Stanger BZ, Bardeesy N, Depinho RA: Genetics 
and biology of pancreatic ductal adenocarcinoma. Cenes Dev 2006, 
20(1 0):1 21 8-1 249. 

8. Bardeesy N, Cheng KH, Berger JH, Chu GC Pahler J, Olson P, Hezel AF, 
Horner J, Lauwers GY, Hanahan D, DePinho RA: Smad4 is dispensable for 
normal pancreas development yet critical in progression and tumor 
biology of pancreas cancer. Genes Dev 2006, 20(22):3 130-3 146. 

9. Lagna G, Hata A, Hemmati-Brivanlou A, Massague 1: Partnership between 
DPC4 and SMAD proteins in TGF-beta signalling pathways. Nature 1996, 
383(6603):832-836. 

10 Wrana 1, Pawson T Signal transduction. Mad about SMADs. Nature 1997, 
388(6637):28-29. 

11. Thiagalingam S, Lengauer C, Leach ES, Schutte M, Hahn SA, Overhauser 1, 
Willson IK, Markowitz S, Hamilton SR, Kern SE, Kinzler KW, Vogelstein B: 
Evaluation of candidate tumour suppressor genes on chromosome 18 in 
colorectal cancers. Nat Genet 1996 13(3)343-346. 

12. Hahn SA, Schutte M, Hoque AT Moskaluk CA, da Costa LT Rozenblum E, 
Weinstein CL Fischer A, Yeo CJ, Hruban RH, Kern SE: DPC4, a candidate 
tumor suppressor gene at human chromosome 18q21.1. Science 1996, 
271(5247):350-353. 



13. Moore PS, Beghelli S, Zamboni G, Scarpa A: Genetic abnormalities in 
pancreatic cancer. Mol Cancer 2003, 2:7. 

14. Xie W, Mertens iC, Reiss Dl, RImm DL, Camp RL Haffty BG, Reiss M: Alterations 
of Smad signaling in human breast carcinoma are associated with poor 
outcome: a tissue microarray study. Cancer Res 2002, 62(2):497-505. 

1 5. Finger EC Turley RS, Dong M, How T Fields TA Blobe GC TbetaRIII 
suppresses non-small cell lung cancer invasiveness and tumorigenicity. 
Carcinogenesis 2008, 29(3):528-535. 

1 6. Kohno T, Otsuka A, Girard L Sato M, Iwakawa R, Ogiwara H, Sanchez-Cespedes 
M, Minna JD, Yokota J: A catalog of genes homozygously deleted in human 
lung cancer and the candidacy of PTPRD as a tumor suppressor gene. 
Genes Ciirornosornes Cancer 2010, 49(4):342-352. 

17. Kojima K, Vickers SM, Adsay NV, lhala NC Kim HG Schoeb TR Grizzle WE, 
Klug CA: Inactivation of Smad4 accelerates Kras(G12D)-mediated 
pancreatic neoplasia. Cancer Res 2007, 67(17):8121-8130. 

18. Singh P, Srinivasan R, Wig ID: SMAD4 genetic alterations predict a worse 
prognosis in patients with pancreatic ductal adenocarcinoma. 
Pancreas 2012, 41(4):541-546. 

19. Singh P, Srinivasan R Wig ID, Radotra BD: A study of Smad4, Smad6 and 
Smad7 in Surgically Resected Samples of Pancreatic Ductal 
Adenocarcinoma and Their Correlation with Clinicopathological 
Parameters and Patient Survival. BlViC Res Notes 201 1, 4:560. 

20. Su HT Weng CC, Hsiao PI, Chen LH, Kuo TL, Chen YW, Kuo KK, Cheng KH: 
Stem Cell Marker Nestin Is Critical for TGF-betal-Mediated Tumor 
Progression in Pancreatic Cancer. Mol Cancer Res 2012, 1 1 (7):768-779. 

21 . Papageorgis P, Cheng K, Ozturk S, Gong Y Lambert AW, Abdolmaleky HM, 
Zhou IR, Thiagalingam S: Smad4 inactivation promotes malignancy and 
drug resistance of colon cancer. Cancer Res 201 1, 71(3):998-1008. 

22. Chiu CY, Kuo KK, Kuo TL Lee KF, Cheng KH: The activation of MEK/ERK 
signaling pathway by bone morphogenetic protein 4 to increase 
hepatocellular carcinoma cell proliferation and migration. Mol Cancer Res 
2012, 10(3)415-427. 

23. Kang Y, He W, Tulley S, Gupta GP, Serganova I, Chen CR, Manova-Todorova 
K, Blasberg R, Gerald WL, Massague 1: Breast cancer bone metastasis 
mediated by the Smad tumor suppressor pathway. Proc Natl Acad Sci 
US /I 2005, 102(39):1 3909-1 391 4 

24. Zhao S, Wang Y, Cao L, Ouellette MM, Freeman IW: Expression of 
oncogenic K-ras and loss of Smad4 cooperate to induce the expression 
of EGFR and to promote invasion of immortalized human pancreas 
ductal cells. Int J Cancer 2010, 127(9):2076-2087. 

25. Schwarte-Waldhoff I, Volpert OV Bouck NP, Sipos B, Hahn SA Klein-Scory S, 
Luttges 1, KIdppel G, Graeven U, Eilert-Micus C, Hintelmann A, Schmiegel W: 
Smad4/DPC4-mediated tumor suppression through suppression of 
angiogenesis. Proc Natl Acad Sci USA 2000, 97(1 7):9624-9629. 

26. Biankin AV Morey AL, Lee CS, Kench JG, Biankin SA, Hook HC Head DR, 
Hugh TB, Sutherland RL, Henshall SM: DPC4/Smad4 expression and 
outcome in pancreatic ductal adenocarcinoma. J Clin Oncol 2002, 
20(23):4531-4542. 

27. Blackford A, Serrano OK, Wolfgang CU Parmlgiani G, Jones S, Zhang X, 
Parsons DW, Lin JC, Leary Rl, Eshleman IR, Goggins M, Jaffee EM, lacobuzio- 
Donahue CA, Maitra A, Cameron IL, Olino K, Schulick R, Winter 1, Herman 
JM, Laheru D, Klein AP, Vogelstein B, Kinzler KW, Velculescu VE, Hruban RH: 
SMAD4 gene mutations are associated with poor prognosis in pancreatic 
cancer. Clin Cancer Res 2009, 15(14):4674-4679. 

28. Muraoka RS, Dumont N, Ritter CA, Dugger TC, Brantley DM, Chen J, Easterly 
E, Roebuck LR, Ryan S, Gotwals PI, Koteliansky V, Arteaga CL: Blockade of 
TGF-beta inhibits mammary tumor cell viability, migration, and 
metastases. J Clin Invest 2002, 1 09(1 2):1 551 -1 559. 

29. Huang M, Anand S, Murphy EA, Desgrosellier IS, Stupack DG, Shattil SI, 
Schlaepfer DD, Cheresh DA: EGFR-dependent pancreatic carcinoma cell 
metastasis through Rapl activation. Oncogene 201 1, 31 (22):2783-2793. 

30. Sunamura M, Lefter LP, Duda DG, Morita R, Inoue H, Yokoyama T, Yatsuoka 
T, Abe T, Egawa S, Furukawa T, Fukushige S, Oshimura M, Horii A, Matsuno 
S: The role of chromosome 18 abnormalities in the progression of 
pancreatic adenocarcinoma. Pancreas 2004, 28(3):31 1-316. 

31 . Howe IR, Roth S, Ringold JC, Summers RW, larvinen HI, Sistonen P, 
Tomlinson IP, Houlston RS, Bevan S, Mitros EA, Stone EM, Aaltonen LA: 
Mutations in the SMAD4/DPC4 gene in juvenile polyposis. Science 1998, 
280(5366):1 086-1 088. 

32. Schutte M, Hruban RH, Hedrick L, Cho KR Nadasdy GM, Weinstein CU Bova 
GS, Isaacs WB, Cairns P, Nawroz H, Sidransky D, Casero RA Ir, Meltzer PS, 



Chen ef al. BMC Cancer 2014, 14:181 
http://www.biomedcentral.com/1471-2407/14/181 



Page 14 of 14 



33. 



34. 



35. 



36. 



37. 



38. 



39. 



40. 



42. 



43. 



44. 



45. 



47. 



49. 



50. 



Hahn SA, Kern SE: DPC4 gene in various tumor types. Cancer Res 1996, 
56(11):2527-2530. 

Muraoka-Cool< RS, Kurokawa H, Koh Y, Forbes JT, Roebuck LR, Barcellos-Hoff 
MH, Moody SE, Cliodosin LA, Arteaga CL: Conditional overexpression of 
active transforming growth factor betal in vivo accelerates metastases 
of transgenic mammary tumors. Cancer Res 2004, 64(24):9002-901 1. 
Villanueva A, Garcia C, Paules AB, Vicente M, IVlegias M, Reyes G, de 
Viiialonga P, Agell N, LIuis F, Bachs 0, Capella G: Disruption of the 
antiproliferative TGF-beta signaling pathways in human pancreatic 
cancer cells. Oncogene 1998, 17(15):! 969-1 978. 

Xie L, Law BK, Chytil AM, Brown KA, Aakre ME, Moses HL: Activation of the 
Erk pathway is required for TGF-betal -induced EIVIT in vitro. 

Neoplasia 2004 6(5):603-610. 

Jadrich JU O'Connor MB, Coucouvanis E The TGF beta activated kinase 
TAKl regulates vascular development in vivo. Development 2006, 
133{8):1 529-1 541. 

Dai JL, Schutte M, Bansal RK, Wilentz RE, Sugar AY, Kern SE: Transforming 
growth factor-beta responsiveness in DPC4/SIVlAD4-null cancer cells. 

Mol Carcinog 1999, 26{l):37-43. 

Volmer MW, Radacz Y, Halin SA, Klein-Scory S, Stuliler K Zapatka M, 
Schmiegel W, Meyer HE, Schwarte-Waldhoff I: Tumor suppressor Smad4 
mediates downregulation of the anti-adhesive invasion-promoting 
matricellular protein SPARC: Landscaping activity of Smad4 as revealed 
by a "secretome" analysis. Proteomlcs 2004, 4(5):1 324-1 334. 
Schwarte-Waldhoff 1, Klein S, Blass-Kampmann S, Hintelmann A, Eilert C, 
Dreschers S, Kalthoff H, Hahn SA, Schmiegel W: DPC4/SMAD4 mediated 
tumor suppression of colon carcinoma cells is associated with reduced 
urokinase expression. Oncogene 1999, 18(20):31 52-31 58. 
Kim S, Domon-Dell C, Kang J, Chung DH, Freund JN, Evers BM: 
Down-regulation of the tumor suppressor PTEN by the tumor necrosis 
factor-alpha/nuclear factor-kappaB (NF-kappaB)-inducing kinase/NF- 
kappaB pathway is linked to a default IkappaB-alpha autoregulatory 
loop. J Biol Chem 2004 279(6):4285-4291 . 

Yamaguchi K, Shirakabe K, Shibuya H, Irie K, Oishi I, Ueno N, Taniguchi T, 
Nishida E, Matsumoto K Identification of a member of the MAPKKK 
family as a potential mediator of TGF-beta signal transduction. 

Science 1995, 270(5244):2008-201 1. 

Bakin AV, Rinehart C, Tomlinson AK, Arteaga CL p38 mitogen-activated 
protein kinase is required for TGFbeta-mediated fibroblastic 
transdifferentiation and cell migration. J Ce// So 2002, 115(Pt 15):3 193-3206 
Galliher AJ, Schiemann WP: Src phosphorylates Tyr284 in TGF-beta type II 
receptor and regulates TGF-beta stimulation of p38 MAPK during breast 
cancer cell proliferation and invasion. Cancer Res 2007, 67(8):3752-3758. 
Weiss C, Faust D, Durk H, Kolluri SK Pelzer A, Schneider S, Dietrich C, Oesch 
F, Gottlicher M: TCDD induces c-jun expression via a novel Ah (dioxin) 
receptor-mediated p38-IVlAPK-dependent pathway. Oncogene 2005, 
24(31 ):4975-4983. 

Tanos T, Marinissen Ml, Leskow FC, Hochbaum D, Martinetto H, Gutkind IS, 
Coso OA: Phosphorylation of c-Fos by members of the p38 IVIAPK 
family. Role in the AP-1 response to UV light. J Biol Chem 2005, 280 
(19):1 8842-1 8852. 

Hermann PC, Huber SU Herrlerl, Aicher A, Ellwart IW, Guba M, Bruns CI, 
Heeschen C: Distinct populations of cancer stem cells determine tumor 
growth and metastatic activity in human pancreatic cancer. Cell Stem Cell 

2007, 1(3):3 13-323. 

Maeda S, Shinchi H, Kurahara H, Mataki Y, Maemura K Sato M, Natsugoe S, 
Aikou T, Takao S: CD133 expression is correlated with lymph node 
metastasis and vascular endothelial growth factor-C expression in 
pancreatic cancer. Br J Cancer 2008, 98(8):1 389-1 397. 
Tobita K, Kijima H, Dowaki S, Kashiwagi H, Ohtani Y, Oida Y, Yamazaki H, 
Nakamura M, Ueyama Y, Tanaka M, Inokuchi S, Makuuchi H: Epidermal 
growth factor receptor expression in human pancreatic cancer: 
significance for liver metastasis. Int J Mol Med 2003, 1 1(3):305-309. 
Perera RM, Bardeesy N: Ready, set, go: the EGF receptor at the pancreatic 
cancer starting line. Cancer Cell 2012, 22(3):281-282. 
Wei LC, Shi M, Chen LW, Cao R Zhang P, Chan YS: Nestin-containing cells 
express glial fibrillary acidic protein in the proliferative regions of central 
nervous system of postnatal developing and adult mice. Brain Res Dev 
Brain Res 2002, 139(1):9-17. 



52. 



53. 



54. 



55. 



56. 



57. 



58. 



Tohyama T, Lee VM, Rorke LB, Marvin M, McKay RD, Trojanowski 10: Nestin 

expression in embryonic human neuroepithelium and in human 

neuroepithelial tumor cells. Lab Invest 1992, 66(3):303-313. 

Matsuda Y, Naito Z, Kawahara K, Nakazawa N, Korc M, Ishiwata T: Nestin is a 

novel target for suppressing pancreatic cancer cell migration, invasion 

and metastasis. Concerfi/o/Ther 2011, 1 1(5):512-523. 

Bunger S, Barow M, Thorns C, Freitag-Wolf S, Danner S, Tiede S, Pries R, Gdrg 

S, Bruch HP, Roblick UJ, Kruse C, Habermann IK: Pancreatic carcinoma cell 

lines reflect frequency and variability of cancer stem cell markers in 

clinical tissue. Eur Surg Res 2012, 49(2):88-98. 

Melisi D, Ishiyama S, Sdabas GM, Fleming JB, Xia Q, Tortora G, Abbruzzese lU 
Chiao PI: LY21 09761, a novel transforming growth factor beta receptor 
type I and type II dual inhibitor, as a therapeutic approach to suppressing 
pancreatic cancer metastasis. Mol Cancer Ther 2008, 7(4):829-840. 
Bartscht T, Lehnert H, Gieseler F, Ungefroren H: The Src family kinase 
inhibitors PP2 and PP1 effectively block TGF-betal-induced cell 
migration and invasion in both established and primary carcinoma cells. 
Cancer Chemother Pharmacol 2012, 70(2):221-230. 
Kelley RK, Ko AH: Eriotinib in the treatment of advanced pancreatic 
cancer. Biologies 2008, 2(l):83-95. 

Cohen MH, Johnson JR Chen YF, Sridhara R, Pazdur R: FDA drug approval 
summary: eriotinib (Tarceva) tablets. Oncologist 2005, 10(7):46 1-466. 
Morgan MA, Parsels LA, Kollar LE, Normolle DP, Maybaum J, Lawrence TS: 
The combination of epidermal growth factor receptor inhibitors with 
gemcitabine and radiation in pancreatic cancer. Clin Cancer Res 2008, 
14(16):5142-5149. 



doi:1 0.1 1 86/1 471 -2407-1 4-1 81 

Cite this article as: Chen et al: SIV1AD4 Loss triggers the phenotypic 
changes of pancreatic ductal adenocarcinoma cells. BMC Cancer 
2014 14:181. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



